The polyethyleneimine derivative (poly EI6woDI) was the same as that described [4] , containing 10% of its nitrogen residues alkylated with dodecyl groups and 15% alkylated with methyleneimidazole. There were no free primary amine groups observable in the reaction of this derivative with ninhydrin. Control experiments were also performed with unmodified polyethyleneimine (poly El600), a derivative Abbreviations: poly EI600, Branched polyethyleneimine of 60,000 molecular weight; subscript "D", denotes substitution of poly EIoo with dodecyl (C12H25) groups; subscript "I", denotes substitution of poly EI600 with methyleneimidazole groups.
It has been recognized for more than a half-century [1] that the pathway of action of an enzyme opens with a binding step and progresses onward with one or more catalytic steps. To reproduce enzyme-like catalytic behavior with a synthetic polymer, one might design, therefore, a two-step approach, fabrication of binding sites followed by introduction of catalytic groups. Strong-binding polymers have been created from polyethylenimine [21 and polylysine [3] . Furthermore, imidazole-nucleophilic groups have also been introduced into the former. This synthetic polymer, containing both binding and catalytic residues, accelerates hydrolysis of nitrophenyl esters several hundred-fold more than does simple imidazole in free solution [4] . The catalytic constant for this polymer approaches that of the natural enzyme chymotrypsin in its cleavage of nitrophenyl esters [5] .
In chymotrypsin, however, the active site centers around a serine residue, and imidazole side chains play only a peripheral role [6, 71. Since our synthetic polymer contains imidazole nucleophiles, but not serine, it has seemed more germane to assay its activity toward substrates attacked by enzymes in which histidine residues provide the essential nucleophile. Recent studies with type IIA sulfatase [8] implicate histidine in the mechanism of action of this enzyme. We have examined, therefore, the effect of polyethyleneimine containing imidazole and binding sites on the kinetics of hydrolysis of sulfate ester substrates. Very remarkable accelerations in rate have been observed.
MATERIALS AND METHODS
The polyethyleneimine derivative (poly EI6woDI) was the same as that described [4] , containing 10% of its nitrogen residues alkylated with dodecyl groups and 15% alkylated with methyleneimidazole. There were no free primary amine groups observable in the reaction of this derivative with ninhydrin. Control experiments were also performed with unmodified polyethyleneimine (poly El600), a derivative Abbreviations: poly EI600, Branched polyethyleneimine of 60,000 molecular weight; subscript "D", denotes substitution of poly EIoo with dodecyl (C12H25) groups; subscript "I", denotes substitution of poly EI600 with methyleneimidazole groups.
(poly EI6ooD) in which 10% of the nitrogen residues had been alkylated with dodecyl groups, and a derivative (poly E1600,) in which 8% of the nitrogen residues had been alkylated with imidazole groups.
The substrate, 2-hydroxv-5-nitrophenyl sulfate (4-nitrocatechol sulfate) was obtained from Sigma Chemical Co. The extinction coefficients for the hydrolysis product, 4-nitrocatechol, were determined with a sample of this material purchased from Sigma Chemical Co. The values found agreed with those published by Robinson et al. [9] .
That the expected hydrolysis products were actually produced in the reaction mixture was demonstrated for sulfate All kinetic experiments were followed in a Cary model 14 Recording Spectrophotometer. Absorption cells were thermostatted at 20°. Reactions were followed for up to 30 hr.
RESULT$ Catalysis by an enzyme inherently depends on an initial binding step, which is followed by one or more catalyzed chemical transformations of the substrate [1] . An essential consequence of this mechanism is the appearance of a plateau or a saturation stage in kinetic studies; at high concentrations of substrate relative to that of enzyme, the observed velocity of the reaction becomes independent of the substrate concentration.
The kinetic behavior of poly EIoooDI with nitrocatechol sulfate exhibits this saturation phenomenon. This is illustrated (Fig. 1) (12) indicates that about 60%o
of the imidazole present is functioning in the catalysis.
t In 0.02 M Tris, pH 9.2. $ In 0.02 M Tris-2 M imidazole. § At the pH optimum of the enzyme, pH 6.9. ¶ The difference between the value of Km measured experimentally and that calculated according to theory (12) probably reflects some diversity in the active sites. This point will be discussed in a more detailed analysis soon to be published.
Amplification and increased time resolution of the early portion of the hydrolysis reaction of nitrocatechol in the presence of poly EI600LI (Fig. 3) shows very clearly that a two-step process is actually occurring. There is an initial rapid release of 4-nitrocatechol (Pi), followed by a slower linear release of 4-nitrocatechol and sulfate (P2).
This type of behavior has been observed previously with enzymes, and has been interpreted as a manifestation of a catalytic reaction involving two steps in sequence [12] . This sequence, with its associated kinetic parameters, may be represented as follows:
where E represents the catalytic macromolecule and S the substrate. The constants ki and k-, refer to the rates of formation and of dissociation, respectively, of the catalystsubstrate complex. The ratio Ks, k-(2) ki is the dissociation constant for the binding step. The rate constant k2 refers to the rate of formation of a sulfatedcatalyst site, with release of nitrocatechol, and k3 is the rate constant for subsequent desulfation of the catalytic center. In principle, when k3 << k2, i.e., when the desulfation rate is relatively slow, and when substrate is in great excess, i.e. (SO) »> (Eo), the number of moles of nitrocatechol released in the initial rapid burst represents the moles of catalytic sites present [12] .
Several convenient algebraic relationships have been developed that relate the kinetic constants of Eq. (1) to experimentally accessible quantities [12] : The parameters k2 and K,, can be evaluated [12] (6) where (P1)' represents readings on the straight line. According to the analysis by Kezdy and Bender [12] , point-bypoint subtraction of the values of the curved portion (Fig. 3) from the extrapolated straight line yields concentration differences, A = Be-bl (7) that are amenable to a first-order plot. Fig. 4 presents such first-order graphs for the three different catalyst concentrations shown in Fig. 3 .
From graphs of this type, one can determine b, which is dependent on (So): b (k2 + k3)(So) + k3K8 (8) Values for all of the kinetic parameters characterizing the catalysis of nitrocatechol sulfate hydrolysis by poly EI1OODI are assembled in Table 1 .
With the above analysis it has been possible to determine k2 and k3 without knowledge of the extinction coefficient of the product. Direct division of vmax, expressed in absorbance units, by (Eo), expressed in absorbance units, produces k3, independent of extinction coefficient. The first-order constant k2 is, of course, intrinsically independent of extinction coefficient. All our reported constants, then, are independent of the experimentally determined extinction coefficient for 4- nitrocatechol.
Direct demonstration of the expected cleavage products in the reaction mixtures has been achieved by chemical methods. Free sulfate has been measured, by benzidine titration [10] , up to a released concentration more than four times the total polymer imidazole present. The free phenol found in reaction mixtures is identical with 4-nitrocatechol by migration rates Proc. Nat. Acad. Sci. USA 69 (1972) .M in three different thin-layer systems. Some oxidation of 4-nitrocatechol to a quinone occurs during the reaction. Production of this species can be prevented by prior deoxygenation of reaction solutions. The expected products of the hydrolytic cleavage, described by Eq. (1), were present in appropriate amounts.
The step-by-step synthesis of the polymer catalyst has allowed us to produce "incomplete" polymers as controls. Polymers with neither dodecyl binding sites nor nucleophilic imidazole groups have been examined as possible catalytic agents, as have polymers with only binding or only nucleophilic groups. Results of these determinations are shown in Table 2 . Inferences from these observations aid in substantiating the proposed mechanism of the polymer-catalyzed hydrolytic cleavage.
DISCUSSION
Several different comparisons can be made of the polymercatalyzed rate of hydrolysis with rates under alternative reference conditions. In any of these comparisons, the accelerations produced by the polymer are exceptionally striking.
In the presence of polymer, hydrolysis of 4-nitrocatechol sulfate proceeds rapidly at a temperature of 200. In contrast, at this temperature spontaneous hydrolysis of the substrate is undetectable. In fact, spontaneous hydrolysis could not be detected at temperatures as high as 900, even over a period of 124 hr. We can make an estimate of the maximum possible rate at 900 if we assume that hydrolysis occurred to the extent of the sensitivity of the optical apparatus (0.001 absorbance units). In that case, the first-order rate constant (in 0.02 M Tris * HCl buffer, pH 9, 900) is 2.2 X 10-9 sec1. If we assume conservatively an activation energy of about 20 Cal molh for this hydrolysis [13] , then the first-order rate constant would be no greater than 2.8 X 10-12 sec-at 200. In the presence of poly EI600Dl,, the desulfation rate constant is 1.1 X 10-sec'1, a factor of at least 109 greater.
A more appropriate comparison for an imidazole-polymer is with imidazole in free solution as a small molecule. At 900, the hydrolysis of 4-nitrocatechol sulfate in the presence of 2 4.01 X 10-9 sec'. Using an Arrhenius activation energy for the imidazole-catalyzed hydrolysis of aryl sulfates in general of 20 Cal/mol [14] (which is very conservative for nitrocatechol sulfate), we find a second-order rate constant of 5.0 X 10-12 sec' M-1 at 200 (see Table 1 ). The appropriate parameter for comparison of the imidazole-polymer is k2lKS = 18 se1-M-1. Thus, the acceleration achieved by polyEIMo, is 3.6 X 10'2-fold.
We can also compare the polymer with the natural catalyst type IIA arylsulfatase from kangaroo liver. The active catalytic group in this enzyme appears to be imidazole [8] .
With this enzyme, burst-type kinetic curves have been obrerved [15] similar to those shown in Fig. 3 for the polymer. From the published observations, the catalytic constants corresponding to the mechanism presented in Eq. (1) 
